Although it is recognized that certain environmental factors are important determinants of the expression of melaninbased traits, their influence in wild populations of animals is poorly known. One of these factors is the availability of amino acids that serve as precursors of melanins. Here we measured eumelanin and pheomelanin content in feathers of northern goshawk Accipiter gentilis nestlings, hypothesizing that, if the availability of melanin precursors is related to food abundance and habitat quality, plumage melanization should be affected by those variables. Although the eumelanin content increased with food abundance as predicted, the levels of this variable were higher in low-quality habitats (homogeneous coniferous forests) and in nestlings in poor condition, and the pheomelanin content and eumelanin:pheomelanin ratio were lower and higher, respectively, in subpopulations where nestlings were in poorer condition. Therefore, environmental availability of melanin precursors seems to determine plumage melanization in goshawks, but our findings may also be explained by the differential effects of environmental oxidative stress on both forms of melanin, as eumelanin and pheomelanin production are favoured under high and low levels, respectively, of oxidative stress.
Melanin is the most common pigment of the animal integuments, where it fulfills a variety of functions that ranges from thermoregulation and protection against ultraviolet radiation and mechanical abrasion to inter-and intraspecific signaling roles like camouflage and sexual attraction (Galván and Alonso-Alvarez 2008) . In vertebrates, this pigment is produced in two forms in melanosomes, the specialized organelles of melanocytes, often simultaneously in the same cells but one form usually prevailing over the other (Ozeki et al. 1997 ). The two forms of melanin are eumelanin, a polymer of dihydroxyindole and carboxilic acid units, and pheomelanin, produced by benzothiazine derivatives (Prota 1992) . These pigments are synthesized de novo by the organisms from the amino acid tyrosine, which is oxidized to dopaquinone by the enzyme tyrosinase. Dopaquinone acts as an intermediate for the production of eu-and pheomelanin, but eumelanogenesis occurs under high tyrosinase activity and low cysteine levels, while opposite conditions lead to the alternative pathway of pheomelanogenesis (Ozeki et al. 1997 , Benathan et al. 1999 . These biochemical differences between eumelanin and pheomelanin are also reflected in the appearance of the traits coloured by them, eumelanic traits being responsible for black and grey (i.e. darker) colours and pheomelanic traits for yellowish, reddish, chestnut and brown (i.e. lighter) colours (Toral et al. 2008 ). These differences in colour make that variations in the ratio eumelanin:pheomelanin are reflected in variations in the brightness of the coloured traits (Solano et al. 2006) .
The fact that melanins can be synthesized de novo, as opposed to other pigments like carotenoids that must be ingested in the diet, has led to the assumption that the expression of most melanic traits is strictly under genetic control, which has represented a difficulty for the understanding of the evolution of those melanic traits acting as signals of quality (Griffith et al. 2006) . This is because any reliable signal needs to be costly to produce or maintain, and these costs are generated by environmental factors (Hasson 1997) . Nonetheless, a growing number of studies have begun to show a high phenotypic plasticity in these traits.
Firstly, the availability of some amino acids in the diet, particularly tyrosine and phenylalanine (which serves as a precursor of tyrosine), has been proven to determine the melanin-based colour intensity of mammal coat and bird plumage in different species (reviewed by McGraw 2008) , meaning that the availability of melanin precursors represents a limiting factor for these pigments. Secondly, the availability of calcium, a metal playing a crucial role in regulating melanin transfer to keratinocytes (Joshi et al. 2007 ) and melanin production by acting as a cofactor for the enzyme responsible for the synthesis of tyrosine from phenylalanine (i.e. phenylalanine hydroxylase; Bush and Simon 2007) , determines the expression of a melanic plumage trait in zebra finches Taeniopygia guttata (McGraw 2007) . Lastly, in great tits Parus major, the cysteine-containing tripeptide glutathione (GSH), which is the most important intracellular antioxidant (Anderson 1998 , Wu et al. 2004 , limits the production of eumelanin (Galván and Alonso-Alvarez 2008) . This means that the expression of eumelanic traits is only possible for individuals presenting low levels of GSH, and that these individuals must counteract this paucity by mobilizing alternative antioxidants, which could represent a handicap for the production of eumelanin-based signals (Galván and Alonso-Alvarez 2008) . Given that the production of GSH is geneticaly controlled (Soltaninassab et al. 2000) but also affected by environmental factors promoting oxidative stress such as thermal stress, UV radiation, food scarcity or certain pro-oxidative pollutants (Cho et al. 1981 , Lautier et al. 1992 , Ohtsuka et al. 1994 , Sewalk et al. 2001 , the influence of GSH on the expression of melanic traits is also environmentally controlled (Galván and Alonso-Alvarez 2009) .
In summary, the argument that the expression of melanic traits is weakly influenced by environmental factors because these pigments can be synthesized by the organisms is increasingly being rejected (Griffith et al. 2006 , Galván and Alonso-Alvarez 2008 , 2009 , Galván and Solano 2009 ). In addition, it has been suggested that melanins could be even more costly to produce than other pigments (i.e. their production is not so tightly controlled by genes) because their precursor amino acids must experience a series of transformations before melanin polymers are synthesized (Stoehr 2006) , while other pigments like carotenoids do not experience a synthesizing process once ingested (but see del Val et al. 2009 ).
Our aim has been to assess a possible influence of food abundance and habitat quality on the intensity of plumage melanization in nestlings of the northern goshawk Accipiter gentilis, a medium-sized forest raptor. The mantle feathers in this species are dark grey and, although the exact function of this colouration has not been investigated in goshawks, it is likely that it functions in making the birds cryptic, as melanin-based colouration seems to do in most raptors (Ferguson-Lees and Christie 2001 , Negro 2008 ). We extracted and quantified eumelanin and pheomelanin from goshawk feathers, which permitted us to make a further step in our understanding of environmental influences on the expression of melanic traits, as quantitive measurements of both types of melanin have never before been related to environmental variables in free-ranging animals. We determined food abundance in territories where goshawk nestlings had been reared, assuming that, as carnivorous animals like northern goshawks (this species' biology is intimately linked to the availability of avian prey; Rutz 2005 , Rutz et al. 2006a ) ingest a high content of proteins in their diet (Robbins et al. 2005) , low food abundance indicates a low general availability of amino acids (i.e. melanin precursors). Although northern goshawks are generalist predators, it has been shown that food abundance is actually limiting goshawk population increase in the Netherlands (Rutz and Bijlsma 2006, Rutz et al. 2006a) . Therefore, we predicted that, if melanin production depends on environmental availability of melanin precursors, nestlings from territories with low food abundance should present a lower content of both eumelanin and pheomelanin in their feathers (Fig. 1) .
We also measured the proportion of forested area surrounding the nests as an indicator of habitat quality, potentially influencing the effect of food abundance on the plumage melanization of goshawk nestlings, as this variable has been shown to influence the effect of food supplementation on the reproductive performance of goshawks in Finland (Byholm and Kekkonen 2008) . These authors found that artificial food supplementation increased the reproductive performance of goshawks only in low-quality breeding territories, that is, territories with low presence of good habitat (i.e. forest). In the Netherlands, a mixture of forest with farmland is the best habitat for northern goshawks in terms of density and reproductive success (Rutz et al. 2006b ). Therefore, we predicted that nestling goshawk melanization would increase with the proportion of forested area surrounding nests (Fig. 1) . Additionally, we determined habitat type (homogeneous coniferous vs mixed coniferousÁdeciduous woodland) as another indicator of habitat quality, because homogeneous coniferous forests represent the poorest habitat for goshawks in the Netherlands (Rutz and Bijlsma 2006, Rutz et al. 2006b ), predicting lower melanin contents in this habitat type. We also predicted an interaction between food abundance and habitat type indicating a limiting effect of food availability on plumage melanization and food abundance in poor habitats (i.e. homogeneous coniferous forest) only. Finally, we searched for possible differences in nestling body condition between three different areas (subpopulations; Methods) in which goshawk territories were located. As poor body condition is first and foremost due to low food availability (Bradbury and Blakey 1998, Alonso-Alvarez and Tella 2001) , we predicted that the lowest values of plumage melanin content should be found in areas with nestlings in poor condition.
Although we predicted the same effect of food abundance and habitat quality on both forms of melanin (because the influence of amino acids (tyrosine) occurs in the first step of the melanogenesis pathway, which is common to eu-and pheomelanogenesis; Ozeki et al. 1997 , Benathan et al. 1999 , it is possible that measurements of habitat quality (i.e. forested area proportion and habitat type) are indeed indicators of agents generating stress to goshawks not related to food scarcity (Fig. 1) . For example, low forested values and homogeneous coniferous forests could cause physiological stress (i.e. physiological, hormonal or behavioural changes that occur as a response to unpredictable and noxious stimuli; Romero 2004) on goshawks, which in turn could increase their corticosterone levels (Suorsa et al. 2003 ) and thus induce oxidative stress (Lin et al. 2004) . As it has recently been proposed that the expression of eu-and pheomelanic traits respond differently to environmental oxidative stress Alonso-Alvarez 2009, Galván and Solano 2009 ), we considered these ideas when searching for possible differences between eumelanin and pheomelanin content of feathers in the influence of habitat quality (Fig. 1) .
Methods

Field methods
The study was conducted during June 2006 in three different areas (subpopulations) that pertain to a northern goshawk population in the Netherlands: Drenthe, Veluwe and Het Gooi (hereafter referred to as area 1, area 2 and area 3, respectively). Veluwe and Het Gooi are 40 km apart and both these regions lie 100 km to the south of Drenthe.
The study area in Drenthe (52851?N, 6819?E) lies on fine and loamy fine sand overlying glacial till (6Á12 m above sea level) in the northern Netherlands. The landscape is dominated by woodland (64%), heaths and small-scale farmland. The woodland is mostly coniferous with Scots pine, Norway spruce and a larch hybrid Larix sp. as dominant tree species (planted from the 1940s onwards). Crop husbandry on farmland bordering the study area is mostly restricted to green maize, potatoes, some spring barley and rye, and increasingly the cultivation of lilies. Human settlements are few and small (B3000 inhabitants per village).
Veluwe constitutes large uninterrupted woodland on coarse sandy soil between 10 and 100 m a.s.l. The study area covers 100 km 2 in the southwestern part of Veluwe near Ede (52803?N, 5840?E). The planted forests consist mostly of Scots pine Pinus sylvestris on coarse sandy soil, with some larch Larix sp., Norway spruce Picea abies, Douglas fir Pseudotsuga menziesii, beech Fagus sylvatica and oak Quercus robur. The forests are interspersed with Calluna-heaths, sand drift relicts and arable fields. The study area is partly fringed by a string of towns and villages with 5000Á60 000 inhabitants each, and bordered by the river Rhine with its forelands in the south, by agri-industry in the Gelderse Vallei in the west, and by woodland and heaths in the north and east.
The coarse and fine loamy sand of Het Gooi (52814?N, 5810?E), between 1 and 15 m a.s.l., is wedged in between peat lands in the north and marshes in the south. Situated close to Amsterdam, the region is heavily urbanised and used for recreational activities. The undulating landscape is covered with coniferous and mixed woodlands, park land and remnants of heaths and sand drifts. Compared to Veluwe and Drenthe, this area has a higher diversity in forest structure and age of stands.
In each study plot, all Goshawk nests are routinely located each year, as part of an ongoing study on the population dynamics of this species in the Netherlands (Rutz et al. 2006b ). Trees with nests were climbed several times in the breeding season to assess clutch size, to ring and measure nestlings and to collect data on food. Chick age was back-calculated from sex-specific growth curves of wing length, based on 624 measurements of chicks on 50 nests which were visited 2Á41 times each (Bijlsma 1997) . During the visits in 2006, 4Á5 mantle feathers were collected from 78 goshawk nestlings that had been reared in 35 different nests located in the three areas (area 1: 19 nestlings from 8 nests, area 2: 16 nestlings from 6 nests, area 3: 43 nestlings from 21 nests). The nestlings were between 21 and 39 days old (mean9SE: 28.290.5 days) when taken. The collected feathers are juvenal and would naturally be moulted after one year.
The percentage of woodland was calculated for a 5)5 km square surrounding the nest, which was considered to include the larger part of a particular pair's home range (Kenward 2006) . The woodland was categorized as coniferous or deciduous when 75% of the 5 )5 km around the focal point consisted of either forest type; coniferous woodland often consisted of a single tree species (usually Scots pine Pinus sylvestris). Mixed woodland consisted of a variety of coniferous and deciduous stands, neither exceeding 75% of the total surface area.
Food abundance was determined for each nest site, using relative densities of the four main prey species (wood pigeon Columba palumbus, feral/racing pigeon Columba livia, starling Sturnus vulgaris and Eurasian jay Garrulus glandarius; Rutz and Bijlsma 2006) . For each km-square presence and absence of these species have been assessed for 12 random neighbouring km-squares within a 25 km radius (74% within 4 km). Kriging was used to calculate relative densities, ranging between 0 and 1. This density figure denotes the detectability of a species during two 1-h visits in a km-square (SOVON Vogelonderzoek Nederland 2002) . Although the relative densities are based on field work in 1998Á2000, we consider the data representative for later years as well (Rutz and Bijlsma 2006, van Dijk and .
Pigment analyses
Northern goshawk feathers were processed in our Lab of Chemical Ecology at Doñana Biological Station, following a patented procedure (p200703395 in the European Union) that can be summarized as follows: feather vanes with no shafts (4Á5 feathers or 1.1Á2.7 mg per individual) were subjected to an alkaline digestion by adding 1 ml 20% NaOH in an Eppendorff tube. The solutions were sonicated in a water bath at 608C for 15 min and later centrifuged at 13 000 rpm for 15 min at 48C. After centrifugation we obtained a brownish supernatant containing soluble pheomelanin and a black pellet containing eumelanin. The pheomelanin-containing supernatant was directly measured in a UVÁVIS spectrophotometer at 450 nm. The eumelanin pellet was resuspended in 1 ml 20% NaOH and 20 ml of 30% H 2 O 2 . This suspension was sonicated in a water bath at 608C for 15 min and later centrifuged at 13 000 rpm for 5 min at 48C. The peroxidized eumelanin in the resulting solution was immediately measured spectrophotometrically at 450 nm. All samples contained both pheomelanin and eumelanin in variable proportions. The relative concentration [absorbance units (Au)/feather mass] of both melanin types was estimated spectrophotometrically as in Toral et al. (2008) and Negro et al. (2009) .
Statistical analyses
General linear mixed models (GLMMs) were used to investigate the factors that explained variance in the eumelanin and pheomelanin content of goshawk nestling feathers and in the eumelanin:pheomelanin ratio. As nestling characteristics potentially affecting those variables (all log-transformed), sex was included as a fixed factor and nestling age (in days) and body condition as covariates. Body condition for each nestling was calculated as the percentage of deviation from the average body mass (100% 0expected) for the given age and sex. This average body mass was calculated from a growth curve made on the basis of 1141 measurements of nestlings on 53 nests in several Dutch populations over a 20-year period for which accurate ages were known and multiple measurements per breeding season were available, including 10 nests for which nestlings were measured daily from hatching until fledging (Bijlsma 1997) . Additionally, brood size was included as a covariate in the models because oxidative stress levels of nestlings increase with brood size (Costantini et al. 2006 , Alonso-Alvarez et al. 2007 , and oxidative stress has a direct role in determining plumage melanization (Galván and Alonso-Alvarez 2008 , 2009 , Galván and Solano 2009 .
Environmental variables potentially affecting the melanin content of feathers were also included in the models. Habitat type (coniferous vs mixed woodland) in which the nests were located was entered as a fixed factor. Percentage of woodland in a 25 km 2 area centred on the nest was entered as a covariate. Lastly, for food abundance scores, a linear contrast table was used, ordering the averaged relative abundance for the four main prey species in three categories: good food abundance (factor score 3; relative abundance 0.71Á1.00), moderate abundance (2; relative abundance 0.41Á0.70), poor abundance (1; relative abundance 0.10Á0.40). The interaction between habitat type and food abundance scores was also included in the models in order to investigate whether the possible effect of food abundance was only significant in a particular habitat or whether the sign of the relationship differed between habitat types. The area (i.e. subpopulation) to which the nests pertained was included as a fixed factor (area 1, 2 or 3) in the models.
Finally, nest identity was set as a random variable in order to control for the fact that the same growth environment is shared by all nestlings in a brood. Starting from saturated models, a backward stepwise procedure was used to remove non-significant terms, establishing a probability of 0.1 to abandon the model and not removing a term until all interactions it contained had been removed previously. Inspections of residuals from the models confirmed that the normality assumption was fulfilled. Pairwise comparisons were made by means of Tukey tests. Only the effects remaining in the models after the stepwise procedure are shown. Analyses were performed using SAS software (Littell et al. 2006 ).
The same procedure described above was used to investigate factors that affected variation in nestling body condition. To this aim we used a more extensive data set comprised of information on 149 goshawk nestlings and 56 nests from four different breeding seasons (2005Á2008). In terms of laying date, clutch and brood size and nest success, neither of these years was an outlier within the period concerned (Bijlsma 2009 ). Only breeding pairs that were different from the ones used for melanin content analyses or, when the same, had another pair composition, were included in this data set. Sex (fixed factor), age and brood size (covariates) were included in the model, as well as the area to which the nests pertained (fixed factor). Nest identity was introduced as a random factor. Information on habitat type, food abundance and woodland area proportion was not available for this extended data set, but are likely within the range of the primary data set (same regions, methods and researchers).
Results
In all cases, the eumelanin content of feathers was higher than the pheomelanin content, with a mean (9 SE) eumelanin:pheomelanin ratio of 2.9690.14. In each sample, eumelanin and pheomelanin contents were not correlated (Pearson correlation test: r00.17, n 078, p 00.129).
The model for eumelanin content explained 24% of variance in that variable (Table 1) . The sex and age of nestlings had marginally significant and significant effects, respectively, with males tending to have higher eumelanin content (0.4190.01 Au mg
(1 ) than females (0.3790.02 Au mg
(1 ), and older nestlings having lower content (b 0 (0.26, p00.028). The eumelanin content also decreased with nestling body condition (b0(0.27, p00.019) and brood size (b0(0.25, p 00.031). On the other hand, the environmental variables explaining a significant portion of the variation in eumelanin plumage content were habitat type, with nestlings reared in coniferous woodland having higher values (0.4090.01 Au mg
(1 ) than those from coniferousÁdeciduous mixed woodland (0.3890.01 Au mg
(1 ), and the interaction between habitat type and food abundance scores, with a negative but non-significant relationship between eumelanin content and food abundance in homogeneous coniferous woodland (b 0(0.39, p00.133) and a significant positive relationship in mixed woodland (b00.50, p 00.018; Fig. 2) .
The model for pheomelanin content explained 26% of the variance. There was a negative, marginally significant relationship between the pheomelanin content of feathers and brood size (b 0(0.18, p 00.089). The area was the other term that remained in the model, pheomelanin content increasing from area 1 to area 3 (Fig. 3a) . Pairwise comparisons showed significant differences between areas 1 and 3 (pB0.001) and between areas 2 and 3 (p 00.043), but not between areas 1 and 2 (p 00.226).
The model for eumelanin:pheomelanin ratio explained 29% of the variance. The effects of food abundance and habitat type were not significant, but their interaction was marginally significant because of the same tendency observed for eumelanin content, i.e. a negative relationship between eumelanin:pheomelanin ratio and food abundance in coniferous woodland (b 0(0.34, p 00.211) and a positive relationship in mixed woodland (b 00.25, p00.199), though none of the slopes were significantly different from zero. The effect of area was, however, strong, eumelanin:pheomelanin ratio decreasing from area 1 to area 3 (Fig. 3b) . Pairwise comparisons showed significant differences between areas 1 and 3 (p B0.001) and between areas 2 and 3 (p 00.019), but not between areas 1 and 2 (p 00.222).
In the models for eu-and pheomelanin content and eumelanin:pheomelanin ratio the effect of woodland area proportion was not significant, and the same applied to the random effect of nest identity, so these terms were not retained in any model (Table 1) .
On the other hand, the model for nestling body condition with the data set comprising information from 2005 to 2008 included nest identity (Z 08.46, pB0.001), sex (males: 105.1390.86%, females: 102.1590.85%; F 1,149 07.88, p00.006) and area (F 2,149 09.38, pB0.001), with body condition values increasing from area 1 to area 3 (Fig. 3c) . Pairwise comparisons showed significant differences in nestling body condition between areas 1 and 3 (p B0.001) and between areas 1 and 2 (p 00.004), while differences between areas 2 and 3 were not significant (p 00.753).
Discussion
The eumelanin content in the plumage of northern goshawk nestlings increased with food abundance in the Table 1 . Results of the linear models obtained to investigate the factors that explained variance in the amount of eumelanin and pheomelanin in back feathers of northern goshawk nestlings and in eumelanin:pheomelanin ratio. Proportion of forested area and nest identity are not shown because they were removed from all the models. *R Relationship between eumelanin content (logtransformed) of northern goshawk nestling feathers and food abundance scores in coniferousÁdeciduous mixed woodlands after controlling for nestling sex, age and body condition and for the brood size in which they were reared. The residual figure of the response variable is shown (i.e. partial effects after applying the full model in Table 1 without food abundance and habitat type). The line is the regression line.
territories where they had been reared, as predicted. This suggests that food abundance may be limiting the availability of amino acids precursors of melanins (i.e. phenylalanine and tyrosine) to growing goshawks. Other authors have previously shown a dependence of the development of melanic traits on diet composition in birds and mammals. In particular, availability of dietary amino acids seems to determine the melanin-based colour intensity of cat coat, human hair and plumage of different species of birds (reviewed by McGraw 2008) . Perhaps the most detailed of those studies is that of Poston et al. (2005) , who experimentally manipulated the diet content in phenylalanine and tyrosine of captive house sparrows Passer domesticus and found a decrease in brightness of the eumelanic bib patch in birds fed with diets poor in those amino acids. Our study also suggests an environmental limitation to plumage melanization related to food abundance or quality, and constitutes the first report that relates a detailed quantification of melanins to habitat quality variables in a wild animal population. The positive relationship between the eumelanin content of feathers and food abundance was only apparent, however, in nestlings reared in territories located in coniferousÁdeciduous mixed forests. This result was contrary to expectations, as we predicted that food abundance would be especially limited in low-quality habitats (homogeneous coniferous forests in our population; Rutz and Bijlsma 2006, Rutz et al. 2006b ), as shown by Byholm and Kekkonen (2008) for fitnessrelated variables in a Finnish population of goshawks. In our case, the eumelanin content of goshawk feathers increased with food abundance in the preferred habitat (coniferousÁdeciduous mixed woodland) only, which may suggest that food quality is so low in homogeneous coniferous forests (van den Burg 2009 ) that any increase in its abundance does not correspond to an increase in the availability of melanin precursors. Indeed, it is possible that poor habitats for goshawks are poor habitats for their prey too (Strong and Sherry 2000, Bearhop et al. 2004) , so that food abundance no longer reflects amino acid availability if this latter variable depends on the physical condition of individual prey and this is, in turn, bad in homogeneous coniferous forests. By contrast, the same effect was not found in our separate measurements of pheomelanin either.
Unexpected results were also obtained for the effect of habitat type per se, as we predicted higher melanin contents in nestlings from territories located in favourable habitats (coniferousÁdeciduous mixed woodland), while the highest eumelanin contents corresponded to nestlings from homogeneous coniferous forests (i.e. poor habitat). However, our predictions were made on the basis that the availability of melanin precursors should limit plumage melanization, but recent ideas that relate melanin production to oxidative stress should be also considered (Galván and Alonso-Alvarez 2008 , 2009 , Galván and Solano 2009 ). This model predicts that the production of eumelanin will be favoured under environmental conditions generating high oxidative stress (i.e. the imbalance between production of reactive oxygen species and availability of antioxidant compounds) because under those conditions GSH levels are forced to be low, while pheomelanin production will prevail under more favourable environments (i.e. when GSH and thus cysteine levels can be high; Galván and Solano 2009; Fig. 1 ). Poor rearing conditions can generate oxidative stress because of factors different from diet quality, for example as a consequence of physiological stress experienced in those areas, which increases corticosterone levels in birds (Suorsa et al. 2003) and can be thus accompanied by oxidative stress (Lin et al. 2004) . Therefore, it seems that the effect of habitat on the production of eumelanin in goshawk nestlings may depend more on environmental oxidative stress than on availability of melanin precursors. Accordingly, a negative relationship between nestling body condition and eumelanin feather content was found inside subpopulations. By contrast, the production of pheomelanin did not depend on habitat type, which supports the view that eu-and pheomelanogenesis are independent processes, the former being favoured under conditions generating high oxidative stress levels (Galván and Solano 2009 ). In fact, eumelanin and pheomelanin contents were not correlated in each feather sample. There are several particular factors that may affect the levels of exogenous oxidative stress experienced by goshawks, and thus, their melanization levels. For example, diquat dibromide is a pro-oxidant substance commonly used as an aquatic herbicide in the Netherlands and other European countries (de Jong and de Snoo 2002) , and has been shown to increase the expression of eumelanic traits and to decrease that of pheomelanic traits in the plumage of red-legged partridges Alectoris rufa through a negative effect on GSH levels (Galván and Alonso-Alvarez 2009) . Similarly, exposure to heavy metals, which decreases GSH levels (Congiu et al. 2000) , is known to increase the expression of eumelanic traits in great tits (Dauwe and Eens 2008) . Therefore, differences in the use of diquat or in heavy metal pollution between goshawk territories may lead them to consume prey exposed to different levels of herbicides and heavy metals, which in turn, would create variability in the levels of diquat and metals to which goshawks are exposed and in their melanization levels. Another environmental factor, that affects the capacity to produce melanins through a decrease in GSH levels and a subsequent increase in oxidative stress, is thermal stress caused by temperatures that are limited or exceed the tolerance range of a particular species during a given time period (Ohtsuka et al. 1994 ). Thus, goshawk nestlings reared in territories differing in thermal characteristics would suffer from different levels of oxidative stress and would vary in their capacity to produce melanins. The same applies to the increase in melanization levels caused by oxidative stress generated by ultraviolet (UV) radiation (Tran et al. 2008 ) and a potential effect of habitat characteristics creating a variability in the levels of UV exposure by goshawks reared in different territories. Future studies should explore these possibilities.
It is interesting that the ratio eumelanin:pheomelanin followed a similar pattern as that observed in the pheomelanin content, i.e. increasing from area 1 to area 3. This means that the variability in the eumelanin:pheomelanin ratio was mainly driven by a variability in pheomelanin content. Eumelanin content in goshawk feathers was three times higher than the pheomelanin content, which indicates that pheomelanin may be of biological importance for birds even at low relative concentrations, when its colour in feathers is not apparently perceived as the darker colour conferred by eumelanin dominates (Toral et al. 2008 ). This also suggests that, as eu-and pheomelanogenesis are independent processes (Galván and Solano 2009 ), the production of eumelanin and pheomelanin may be differentially affected by environmental factors. For example, eumelanin may be more dependent upon availability of amino acid precursors than pheomelanin, which may be mainly affected by environmental oxidative stress. Perhaps in accordance with this, it has been experimentally shown that cats only develop eumelanic hair if fed with diets with relatively high content of phenylalanine and tyrosine, while pheomelanic hair is developed with lower contents of these amino acids (Anderson et al. 2002) . Under this scenario, we should thus expect that, with equal contents of dietary amino acids, variability in stressful conditions create greater variability in pheo-than in eumelanin content, so that low oxidative stress levels tilt the eumelanin:pheomelanin ratio towards pheomelanin and high oxidative stress levels toward eu-or pheomelanin depending on the particular availability of precursor amino acids (Anderson et al. 2002) . As both genetic and environmental factors affect to melanization levels (Galván and Alonso-Alvarez 2009) , the magnitude of this potential variability would be limited by the genetic control determining which pigment prevails in the eumelanin:pheomelanin ratio. This opens new questions for future studies.
On the other hand, we found differences in the body condition of nestlings from three different areas (subpopulations) of our population, with values increasing from area 1 to area 3. As predicted on the basis that these differences in condition were probably due to differences in food abundance and/or quality, levels of pheomelanin also increased from area 1 to area 3.
Two main environmental agents seem to constrain melanin production in animals: availability of melanin precursors and environmental oxidative stress. Both factors may well be correlated, as low availability of precursors due to low-quality diets may increase oxidative stress levels (Monaghan et al. 2009 ). This fact may prevent us from disentangling which of these factors is actually limiting melanin production, by searching for associations between environmental variables and melanization levels, but predictions indeed differ between melanin types. Thus, for the availability of melanin precursors we should expect that a high availability is reflected in a higher production of both eumelanin and pheomelanin, as the amount of available phenylalanine and tyrosine affects the initial step of the biochemical pathway, which is common to eu-and pheomelanogenesis (Galván and Solano 2009 ). However, oxidative stress determines whether the pathway is directed towards eu-or pheomelanogenesis, and thus we should expect that high oxidative stress enhances eumelanin production, but inhibits pheomelanin production (Galván and Solano 2009 ). It is not likely that the variation in melanin content found here is due to genetic differentiation between our goshawk subpopulations, as raptors in general (Alcaide et al. 2009 ), and northern goshawks in particular, do not tend to present genetically structured populations (Takaki et al. 2009 ), especially if it is considered that the subpopulations studied here are separated by only 50Á100 km. In any case, this could easily be determined by cross-fostering experiments (Bortolotti et al. 2000 , Laaksonen et al. 2008 ).
In conclusion, the eumelanin content of nestling goshawk feathers is positively associated to food abundance and poor habitat type, and negatively associated to body condition within subpopulations, while the pheomelanin content is positively associated to body condition between subpopulations. Therefore, it seems that both environmental factors (i.e. melanin precursors availability and oxidative stress) affect the production of feather melanins. Future studies should disentangle the differential importance of those factors and investigate if a different investment in eumelanin and pheomelanin production is translated into differential effects on fitness.
